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Table 1. Sample line lengths, diameters, and flow rates 
tested using calibration gas methodology. Flow rates 
(mL/min) are shown in each cell of the matrix. 
  Line Length, m (ft) 
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• The proposed methodology provided much
higher resolution breath-by-breath data
than any of the previous tests conducted in
the last 10 years.
o Breath trace quality relative to a more clinical
standard (A) can be compared across sampling
systems when considered as a total system (probe +
downstream connections).
• In-suit sampled respiratory traces are most
reflective of physiologic characteristics
using the method proposed by this team
while prior tests are indicative of sample
mixing (more sinusoidal waveforms with
less defined EtCO2 and inspiration points)
and would inaccurately reflect washout
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Calculation of Inspired CO2
• Several prior studies calculated inspired CO2 values by determining the minimum value reached during
each inspiration phase and averaging all such points during the data collection period.
o Only provides a simple and reasonable approximation of inspired CO2 if the respiratory traces is a
step decrease, representing a perfect and instantaneous washout of CO2.
o It is highly unlikely that outside of an environment that provides perfect washout (i.e. large open
volume with high flow) that a step‐wise function is seen in the breath trace data.
Comparison against industry standards for certification of CO2 washout performance
suggests that the whole inspiration cycle and not just the local end-expired minimum
be considered.
The concentration of CO2 inhaled in this example would
be 10.2 mmHg if the minimum value assumption was
used, whereas the average total concentration over the
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• If the ventilation system mixes exhalations within the helmet rather than flushing them out of the helmet the
first portion of the air inhaled by a suited subject will contain a portion of the previous exhalation, resulting
in a sloped decrease instead of a step drop
• In these cases, the minimum value does not reflect the total inspired CO2 and the average inspired CO2
should be calculated.
• Ideally a flow weighted averaged would be used, it is not possible at this time to collect flow weighted data
from within the suit, a time weighted average provides a reasonable approximation and is compatible with
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19 subjects were used to evaluate the washout 
performance of the EMU across a range of subject 
fitness levels. 
Subjects performed two components in this study: 
1. An unsuited (LCVG and TCU worn) characterization 
of respiratory performance at workloads of rest, 
1000, and 2000 BTU/hr.; 
2. A suited characterization of the EMU washout 
performance at workloads (generated via arm 
ergometer) of standing rest, 1000, 2000, and, if 
achievable by the subject, 3000 BTU/hr. 
• Metabolic rate was calculated in real-time from the 
total CO2 production measured at the air outlet 
from the suit
• This study also investigated incorporation of a 
TcPCO2 sensor within the suit for transcutaneous 
gas monitoring of CO2 levels
Subiect Gender (L/min) 
l F 1.4 
.:3 2 F 2.1 
! 3 F 2.2 4 F 2.4 
Ill 
r-i 5 F 2.4 
VI 6 M 2.5 
7 F 2.5 
.:3 8 F 2.6 
a 9 M 2.9 ~ 10 M 3.0 
Ill 
r:-- 11 M 3.3 
.,j 
I 12 M 3.4 Ill 
r-i 13 M 3.5 
= 
14 M 3.9 
~ 15 M 4.0 16 M 4.0 
Ill 17 M 4. 1 r:--
.,j 18 /\I M 4.2 










Effect of Breatbiog Style oo Breath lrace Mea uremeot 
so 
Deep Breathing Shallow Breathing 
45 
40 














• The percent acceptable breaths given a specified level of sensitivity associated with
acceptable variability within subjects.
• Breath to breath variability is most often greater than 1 mmHg, with around 80%
acceptability rate if less than 2 mmHg is considered and 100% acceptable if less than 3
mmHg is used.
• Despite the higher variability in data quality at lower metabolic rates, the data collected
using this probe and method still provided the highest resolution breath data to date
Inspired cei ariability ( o) 
Taroet eta lie Rate Percent of Sugects (2 min Data Collectioo Pericxi) 
(BTU/hr) < 1 mmHo < 2mmHg < 3mmHo 
Resting 29% 9% 100% 
1000 9% 9% 100% 
2000 2 % 89% 100% 




• TcpCO2 sensor probe was placed on the cheek.
• Incorporation of the transcutaneous sensor into the suit environment proved feasible and
subjects reported no discomfort or issue with wearing the sensor on their cheek during
operation.
• Data were compared to the EtCO2 values
recorded by the sample probe to determine if
there is any evidence for increasing blood
PaCO2 levels with increasing inspired CO2
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0.61 m (2 ft)
3.0 m (10 ft)
6.1 m (20 ft)
• All data collected were normalized to 0% CO2 as a baseline by subtracting the 1% 
calibration gas from all data points. 
• CO2 concentrations are known and subtracted from all data.
• Values of inspired CO2 greater than zero represent inherent error due to the testing 
methodology. 
Data integrity decreases as line length and inner diameter increases for a 
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Sampling Flow Rate 



















Inspired %CO2 based on measurements
of different sample flow rates and sample
line diameters with 3.0 m long sample tube
time was assumed.
Decreased data integrity as flow rate
decreases for a constant line length (3.0
m) and diameter (3.2 mm).
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Rotameter Before SensorA rotameter has previously been positioned prior to the
sensor to provide the proper flow rate from the cannula
to the sensor external to the suit.
• Spacesuits are typically operated at approximately
29.6 to 56.5 kPa (4.3 to 8.3 psi) above ambient.
• The pre-sensor rotameter had a time-weighted
inspired ppCO2 level of 0.38% CO2, compared with
the post-sensor rotameter which had a time-
weighted inspired ppCO2 level of 0.12% CO2,
assuming a 2 second inspiration.
Threaded fittings or similar pass-throughs are needed
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• The shorter the duration of an inspiration, the larger 
the effect of the methodology error when a time-
weighted average is calculated.
• A single error value may not be applicable to all 
HITL test conditions.
• An option to account for this variability is to match 
human and methodology error inspiration durations 
when calculating inspired CO2 levels. 
• Human inspiration duration is available from the 
recorded data, and the same duration would be 











































• Several prior studies calculated inspired CO2 values by determining the minimum value reached
during each inspiration phase and averaging all such points during the data collection period.
o Only provides a simple and reasonable approximation of inspired CO2 if the respiratory traces is
a step decrease, representing a perfect and instantaneous washout of CO2.
o It is highly unlikely that outside of an environment that provides perfect washout (i.e. large open
volume with high flow) that a step-wise function is seen in the breath trace data.
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Metabolic Rate Breathing Style Mouthguard In (Y/N) Sample Location Inspired CO2
1000 Normal N Cannula 0.67
2000 Normal N Cannula 0.86
1000 Nose Only N Cannula 0.62
2000 Nose Only N Cannula 0.88
1000 Nose In Mouth Out N Cannula 1.13
2000 Nose In Mouth Out N Cannula 1.60
1000 Normal Y Cannula 0.87
2000 Normal Y Cannula 0.86
1000 Nose In Mouth Out Y Mouthguard 0.53
2000 Normal Y Mouthguard 0.55
2000 BTU Normal - Cannula Sampled 
0 20 40 60 80 100 120 
2000 BTU Normal - MG Sampled 
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Suit Sampling Test - 4.3psid, 1 000ml/min to Sensor 
- Orifice .013 
-Flow Controller (Needle Valve) 
- Open Bleed Port 
- 45ft Line Length 
